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ABSTRACT 

Unipolar  arcing  is  the  primary  breakdown  process  when  a  powerful  laser  pulse  interacts  with 
a  target  surface.  The  unipolar  arc  model  assumes  that  the  initial  ionization  occurs  in  desorbed 
gas  layers.  To  check  this  experimentally  a  metal  surface  was  illuminated  under  different  vacuum 
conditions.  The  experiments  were  conducted  at  10"4,  10"6,  and  108  torr  vacuum.  A 
neodymium:glass  laser  of  wavelength  1.06  urn  in  the  Q-switched  mode  was  utilized.  Type  304, 
polished,  stainless  steel  plates  were  used  as  targets.  Results  confirmed  that  higher  laser  energy 
was  needed  to  trigger  the  laser  induced  breakdown  at  lower  pressures. 
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I.  INTRODUCTION 

Soon  after  the  development  of  the  ruby  laser,  experiments  were  carried  out  which 
showed  that  by  bringing  a  laser  beam  to  a  tight  focus,  one  could  cause  the  breakdown  of 
air.  Like  the  bright  spot  seen  when  an  electrical  discharge  occurs  between  two  electrodes, 
a  bright  spot  would  be  visible  due  to  breakdown  caused  by  a  strong  laser  pulse.  Various 
experiments  with  gases,  solids,  and  liquids  have  been  performed  to  determine  the  cause 
of  this  breakdown,  to  measure  the  threshold  of  power  levels  to  ignite  a  spark,  to 
determine  the  effects  of  wavelength,  pulse  shape  and  pulse  duration  on  different  type  of 
materials.  Experiments  were  conducted  with  the  high  power  lasers  available:  10.6pm 
(C02),  3.8  (DF),  2.7  (HF),  1.06  (Neodymium,  glass),  and  0.69pm  (ruby).  Recent 
developments  made  possible  the  use  of  higher  frequency  and  higher  power  lasers  such  as 
dye-laser  systems  and  excimer  lasers.    [Ref.  1] 

Laser-induced  breakdown  can  be  defined  as  the  generation  of  an  ionized  gas  by  the 
laser  pulse.  The  experimental  breakdown  criterion  generally  used  is  the  observation  of 
a  glow  or  a  flash  at  the  region  hit  by  the  laser  pulse  .  Other  diagnostic  means  are: 
measurement  of  the  transmission  of  a  probe  beam  travelling  parallel  to  the  surface  or  of 
the  main  beam  by  drilling  a  pin  hole  through  the  material,  observation  of  the  dramatic 
decrease  in  the  metal  surface  reflectivity  during  the  pulse,  line  emission  by  ionized 
species,  radiometry  of  surface,  and  direct  measurement  of  electron  concentration  by 
electrostatic  probes.    [Ref.  1] 


As  described  in  Reference  1,  there  are  two  main  mechanisms  for  electron 
generation  and  growth.  The  first  mechanism  is  the  absorption  of  laser  radiation  by 
electrons  while  they  collide  with  neutrals  in  the  focal  volume.  If  the  electron  has 
sufficient  energy,  it  can  ionize  the  gas  or  solid  by  the  reaction 

By  this  reaction  the  electron  concentration  will  increase  exponentially,  a  phenomenon 
called  "cascaded  breakdown."  The  situation  is  comparable  to  the  dielectric  breakdown 
of  gases,  liquids,  and  solids.  In  order  to  have  this  process  work,  two  conditions  must  be 
satisfied:  (1)  the  presence  of  an  initial  electron  in  the  focal  volume  and  (2)  the  electrons 
should  gain  an  energy  greater  than  the  band  gap  of  the  solid  or  the  ionization  energy  of 
the  gas.    The  source  of  the  initial  electrons  will  be  discussed  later.    [Ref.  1] 

The  second  mechanism  is  called  "Multi  Photon  Ionization",  (MPI).  It  involves  the 
simultaneous  absorption  of  a  sufficient  number  of  photons  by  an  atom  or  a  molecule  in 
a  gas  to  cause  its  ionization,  or  to  eject  an  electron  from  the  valence  to  the  conduction 
band  in  a  solid.    The  reaction  for  MPI  is 

M+mh\-M++e-  (2) 

If  £j  is  the  band  gap  or  ionization  potential,  the  number  of  simultaneous  photons  m  must 
exceed  the  integer  part  of  (e//;v+l).  The  rate  of  ionization  in  a  laser  beam  of  irradiance 
/  is  proportional  to  lm.  The  electron  density,  for  constant  /,  increases  linearly  with  time, 
if  recombination  is  neglected.  Multiphoton  ionization  is  important  only  for  short 
wavelengths  (k  <  lpm).   For  most  gases,  the  ionization  potentials  are  larger  than  10  eV. 


It  is  highly  improbable  to  have  simultaneous  absorption  of  100  or  more  photons  from  a 
C02  laser  (/2V=0.1eV)  to  ionize  one  molecule.     [Ref.  1] 

Both  mechanisms  require  high  laser  irradiances  such  as  108  W/cm2  for  gaseous 
breakdown.  For  solids  the  power  level  required  is  less,  106  W/cm2.  If  the  solid  is 
transparent  at  the  laser  frequency,  then  the  power  level  required  can  be  even  less  due  to 
the  self  focusing  effect.  If  the  solid  is  absorbing  at  the  given  laser  frequency  then  there 
is  a  third  mechanism  which  is  called  "thermal  runaway."  When  the  solid  absorbs  the 
radiation,  it  evaporates  and  a  shock  is  driven  into  the  surrounding  air.  Absorption  of  laser 
radiation  by  the  electrons  in  the  surrounding  air  and  behind  the  shock  front  results  in  the 
heating  of  the  vapor  and  the  shocked  air.  This  leads  to  more  electrons  created  by  thermal 
generation.  The  increasing  electron  number  causes  more  absorption  and  so  on.  Hence, 
we  have  a  thermal  runaway  situation.  In  order  to  have  thermal  runaway,  the  vapor  and 
the  shocked  air  should  have  enough  electrons  initially  to  enable  the  gas  to  be  heated  up 
during  the  laser  pulse.    [Ref.  1] 

This  thesis  study  is  focused  on  the  laser  induced  breakdown  on  metallic  surfaces. 
The  material  used  for  the  experiment  is  type  304  stainless  steel.  The  breakdown  of  the 
metallic  surface  by  a  high  power  (6  joules,  1.06pm  wavelength)  laser  beam  was  observed 
for  different  vacuum  conditions.  The  power  required  for  such  a  breakdown  was 
measured. 


II.   BACKGROUND 

A.       LASER  INDUCED  BREAKDOWN  AND  UNIPOLAR  ARCINd 

The  following  excerpt  is  taken  directly  from  References  2  and  9  with  the  permission 
of  the  author.    He  supervised  this  thesis  study  as  well. 

"When  a  sufficiently  powerful  laser  pulse  is  incident  on  a  target  surface  in  vacuum, 
breakdown  takes  place  on  the  surface  and  a  plasma  layer  is  formed  [Ref.  2|".  "The  initial 
breakdown  phase  may  be  characterized  by  localized  desorption  of  contaminants  from  laser 
heated  spots  on  the  surface  o(  a  metal.  Microprojcctions  or  whiskers,  dust  particles, 
absorbing  inclusions,  metal  grain  boundaries  etc.,  can  serve  as  such  spots.  If  the  electric 
field  due  to  the  laser  radiation  is  high  enough,  field  emission  of  electrons  takes  place. 
Whiskers,  adsorbates  and  dust  can  further  enhance  the  field  emission  of  electrons.  While 
most  o(  the  laser  light  will  be  reflected  from  a  metal  surface,  some  absorption  occurs 
within  the  skin  depth.  Localized  heating,  enhanced  electric  fields,  and  the  emission  of 
electrons  lead  to  desorption  oi'  a  few  monolayers  within  a  few  ns  forming  an  expanding 
high  density  neutral  gas  cloud  as  indicated  in  Figure  2.1.  Electron  heating  and  ionization 
oi  neutral  particles  will  preferentially  occur  at  a  distance  X/A  from  the  surface  where  for 
normal  incidence  the  first  maximum  o(  the  electric  field  occurs  due  to  the  superposition 
oi'  the  incidence  wave  and  the  wave  reflected  on  the  metal  surface."    IRef.  9) 

"The  electrons  in  the  laser  heated  plasma  have  a  considerable  higher  thermal 
velocity  than  ions.   Therefore,  the  electrons  would  tend  to  vacate  the  plasma  at  a  higher 


rate  leaving  the  plasma  with  a  net  positive  charge  and  hence  with  a  positive  potential  with 
respect  to  the  target  surface.  Debye  shielding  causes  the  main  potential  variation  be 
present  in  a  sheath  which  is  of  the  order  of  the  Debye  length  in  thickness  1^  = 
(EokTyne2)172.  The  self-adjusting  feature  of  the  sheath  ensures  that  the  electron  and  ion 
fluxes  to  the  surface  are  equal  thus  maintaining  the  quasi-neutrality  of  the  plasma.  The 
plasma  assumes  a  positive  potential  with  respect  to  the  wall  as  given  by  the  floating 
potential 

V,=— *ln( '-)  (3) 

1    2e      2iime 

The  average  electric  field  in  the  sheath  is  approximately 

V 

E*^-  =(n/r,)1/2(l/4e0)1/2ln(M/27tma)  (4) 

E  approaches  zero  near  the  plasma  boundary  and  assumes  its  maximal  value  at  the 
surface."    [Ref.  2] 

"Unipolar  arcing  represents  a  discharge  form  which  easily  leads  to  explosive  plasma 
formation.  Unipolar  arcing  begins  if  E  in  the  sheath  increases  enough  to  ignite  and 
sustain  an  arc.  The  initial  step  will  be  field  emission  from  surface  spots.  Electron 
emission  from  non-uniform  or  contaminated  surfaces  requires  fields  of  the  order  105 
V/cm.  Clean  smooth  metal  surfaces  require  fields  of  107  V/cm.  The  Fowler  Nordheim 
theory  describes  the  field  emission  current  from  a  clean  cold  surface.  Taking  into  account 
enhancement  factors  P,  the  enhanced  field  emission  current  density  increases  with  E 
where  c,  and  c2  are  factors  which  are  approximately  constant.   <})  is  the  work  function. 
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Figure  2.1.   Absorption  of  laser  radiation  near  a  reflecting  surface.  The  neutral  density 
gradient  in  front  of  the  surface  is  caused  by  blow-off  of  surface  material.   [Ref.  9] 
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The  enhancement  factor  (3  depends  on  the  shape  and  chemical  composition  of  the 
emission  site.  The  existence  of  whiskers,  for  example  Figure  2.2,  implies  that  the  field 
at  the  tip  is  considerably  enhanced,  E^  =  (3E,  relative  to  the  average  field  E  which  exists 
in  the  space  charge  sheath.    Average  electric  fields  of  E  >  105  V/cm  in  the  sheath  lead 
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Figure  2.2.   The  enhanced  electric  field  emission  from  a  whisker  [Ref.  2] 

to  enhanced  field  emission  if  enhancement  factors  of  |3  ~  10M03  exist."    [Ref.  2] 

"Localized  ion  density  variations  strongly  influence  the  enhancement  factor  too. 
Electrons  emitted  from  the  whisker  will  be  accelerated  by  the  sheath  electric  field.  If  the 
sheath  potential  is  larger  than  the  ionization  potential  the  emitted  electrons  can  ionize 
neutrals  and  the  plasma  density  increases.  A  relatively  slowly  expanding  cloud  of 
neutrals  is  produced  by  desorption  and  evaporation  of  impurities  (gases,  hydrocarbon, 
water,  etc.)  if  a  laser  heated  plasma  contacts  a  surface.  The  enhanced  E  at  the  whisker 
will  not  only  increase  the  electron  emission  but  also  the  ion  flux  from  the  plasma  to  these 
spots.  The  increased  ion  bombardment  and  recombination  rates  lead  to  a  locally  increased 
surface  temperature  at  the  spot.  This  in  turn  leads  to  locally  enhanced  desorption  of 
gases,  and  finally  the  evaporation  of  neutral  metal  atoms  into  the  sheath  of  plasma.  The 
localized  surface  heating  is  also  enhanced  by  the  lower  thermal  conduction  rate  from 
projections  and  dielectric  inclusions  compared  to  the  surrounding  metal  surface.  The 
combined  effect  of  the  enhanced  electron  and  neutral  emission  from  the  surface  spots 
leads  to  an  increased  ionization  rate  producing  fairly  immobile  ions  thus  increasing  the 


local  plasma  density  and  the  sheath  electric  field.  This  in  turn  further  increases  the  field 
emission  current  and  this  the  ionization  rate  and  so  on  until  an  arc  ignites.  The  electric 
field  energy  density  or  the  plasma  pressure  respectively 

(l/2)eo£2=(^re)(l/8)[ln(M/27ime)]2  (6) 

become  so  large  that  the  plasma  is  literally  drilling  a  hole  into  the  surface."    [Ref.  2] 

"The  local  increase  in  the  plasma  density  over  the  cathode  spot  in  addition  to 
decreasing  the  sheath  width  and  increasing  the  electric  field  strength  across  the  sheath, 
creates  a  radial  pressure  gradient,  VP,  over  the  cathode  spot.  This  pressure  (density) 
gradient  forms  an  electric  field,  E(r)  in  the  radial  direction  tangential  to  the  surface 

E(r)=-(kTJe)(l/n)(dn/dr)  (7) 

The  faster  migration  of  the  electrons  from  the  higher  density  region  lowers  the  sheath 
potential  in  a  ringlike  area  surrounding  the  higher  plasma  pressure  region  directly  over 
the  cathode  spot, 

AV(r)=(kTJe)Mne(r)/nJ  (8) 

The  ratio  of  the  maximum  plasma  density  above  the  cathode  spot  to  the  unperturbed 
plasma  density  can  easily  be  of  the  order  (n^n^)  103  or  larger.  The  arc  current  loop  is 
completed  by  the  return  flow  of  the  larger  number  of  electrons  from  the  high  energy  tail 
in  the  Maxwellian  distribution  that  can  now  overcome  the  lowered  sheath  potential 
surrounding  the  cathode  spot  and  reach  the  surface.  Figure  2.3  is  a  diagram  of  this 
unipolar  arc  model.    The  ejection  of  plasma  jets  from  the  cathode  craters  leads  to  the 


filamentary  structures  of  laser  produced  plasmas  which  have  often  been  observed."  [Ref. 

2] 

This  study  investigates  the  dependence  of  the  breakdown  process  on  the  amount  of 
adsorbed  gases.  The  model  assumes  that  ionization  occurs  first  in  desorbed  gases.  The 
amount  of  the  desorbed  gases  depends  on  the  pressure  in  the  chamber. 
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Figure  2.3.    Unipolar  arc  model.  B  is  the  magnetic  field  surrounding  the  arc  current. 
[Ref.  2] 


B.       MONOLAYER  FORMATION 

The  border  between  high  vacuum  and  ultra  high  vacuum  is  usually  taken  as  a  few 
10 8  torn  The  gas  density  in  room  temperature  in  the  ultra  high  vacuum  (UHV,  10 8  torr) 
is  very  low  (3.3xl08  cm'3,  at  atmospheric  pressure  it  is  2.5xl019  cm"3)  [Ref.  10].  After 
a  laser  shot,  molecules  or  atoms  from  the  metal  surface  are  blown  off.  In  time,  molecules 
and  atoms  will  be  coming  back  onto  the  metal  surface  slowly  forming  a  monolayer  or, 
if  there  is  enough  time  between  the  shots,  multilayers.  With  the  assumption  that  every 
atom  or  molecule  which  arrives  at  the  metal  surface  stays  there,  a  convenient  rule  of 
thumb  formula  for  monolayer  formation  time,  T,  is  [Ref.  3] 

T=(2.4/p)jc70-*  (9) 

where  x  is  in  seconds,  p  is  in  torr.  Depending  on  the  background  pressure,  ultrahigh 
vacuum  monolayer  formation  time  is  of  the  order  of  minutes  or  even  hours.  But,  for 
higher  pressures  (106,  10"4  torr)  the  time  can  be  rather  short.  In  Figure  2.4  we  give  a  plot 
of  number  of  monolayers  versus  time  for  various  pressures. 

In  the  vacuum  chamber  used  for  this  work,  the  gases  which  were  present  were: 
H20,  N2,  H2  and,  C02.  In  this  experiment  the  onset  of  plasma  formation  was  studied  as 
a  function  of  background  pressure  and  laser  power. 
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Figure  2.4.    Monolayer  formation  on  a  metal  surface  at  various  pressures. 
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III.    EXPERIMENTAL  DESIGN 

A.       EQUIPMENT 

In  this  experiment  the  laser  was  focused  onto  a  target  in  a  vacuum  chamber  and  the 
laser  energy  was  monitored.  Breakdown  light  emission  was  observed  with  a  polaroid  still 
camera. 

The  equipment  used  in  this  experiment  to  determine  the  onset  of  plasma  formation 
included  an  evacuated  test  chamber,  a  neodymium-glass  laser  (1.06  um),  a  laser  energy 
measurement  set  up,  several  beam  splitters,  a  focusing  lens,  an  ionization  gauge,  a  mass 
spectrometer,  and  a  polaroid  camera.  Figure  3.1  is  a  schematic  of  the  Nd:glass  laser,  the 
vacuum  chamber  and  the  other  equipment  used. 

1.       Laser  System 

The  laser  used  was  a  KORAD  K-1500  Q-switched  neodymium-doped  glass 
laser  [Ref.  4].  The  nominal  energy  output  of  the  laser  was  6  joules  and  the  average  beam 
pulse  half  width  was  30  nanoseconds.  This  short  pulse  width  was  achieved  by  utilizing 
a  pockels  cell  between  the  oscillator  and  the  rear  reflector.  The  various  energy  levels  on 
the  target  were  achieved  by  using  several  neutral  density  filters  between  the  laser  and  the 
target.  After  filtering,  the  laser  beam  was  focused  by  a  focusing  lens  of  25  cm  focal 
length.  The  target  was  placed  behind  the  focal  point  of  the  lens,  such  that  the  incoming 
laser  beam  with  a  285.0  mm2  cross  section  was  focused  down  to  19.1  mm2  on  the  target 
surface.     The  reason  of  focusing  the  laser  beam  to  a  smaller  cross  section  was  the 
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Figure  3.1.    Schematic  of  pulsed  laser  and  vacuum  chamber  set  up. 
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following:  The  laser  beam  had  a  circular  cross  section  and  its  intensity  over  the  cross 
section  was  not  uniform.  It  had  some  "hot  spots",  spots  with  a  higher  light  intensity. 
With  the  unfocused  laser  beam  it  was  difficult  to  monitor  the  onset  of  breakdown  and 
plasma  formation  with  the  polaroid  camera.  Since  the  energy  of  the  whole  beam  was 
being  measured,  it  was  not  possible  to  determine  the  peak  power  of  these  hot  spots  which 
could  cause  plasma  formation  easier  than  the  other  areas  of  the  beam.  Also,  it  was  easier 
to  determine  the  onset  of  breakdown,  by  looking  at  the  pictures  of  a  smaller  surface. 
Another  advantage  of  focusing  the  laser  beam  was  maintaining  the  same  target  over  a 
number  of  shots.  To  choose  another  spot  on  the  target,  it  was  rotated  by  rotating  the 
probe  from  outside.  Changing  the  target  was  a  time  consuming  procedure.  After 
replacing  the  target,  it  took  about  two  days  to  pump  down  to  ultra  high  vacuum.  The 
energy  of  the  laser  beam  was  measured  by  the  set  up  explained  in  the  following  section. 

2.       Energy  Measurement 

For  this  experiment  a  fast  energy  meter  was  not  available  for  the  1.06  urn 
wavelength  of  the  Nd:glass  laser.  A  KORAD  Model  K-J  laser  calorimeter  [Ref.  5]  with 
a  micro  voltmeter  in  combination  with  an  hp  type  7035B  chart  plotter  were  used.  A 
portion  of  the  main  laser  beam  was  sent  to  the  calorimeter  via  an  8%  beam  splitter.  As 
shown  in  Figure  3.2,  the  output  of  the  calorimeter  was  connected  to  the  voltmeter,  and 
the  output  of  the  voltmeter  was  fed  to  the  plotter.  The  resulting  chart  was  used  to 
determine  the  energy  as  explained  in  reference  5.  The  only  handicap  of  this  system  was 
that  it  was  not  time  efficient.  It  would  require  10  minutes  to  determine  the  energy  of  the 
previous  shot,  and  after  several  shots  the  calorimeter  had  to  be  cooled  down.    This  was 
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Figure  3.2.    Arrangement  for  laser  energy  measurement  using  a  calorimeter. 

not  practical  and  was  not  proper  for  the  experiment  because,  it  was  needed  to  have  shots 
as  fast  as  the  laser  permitted  in  order  not  to  let  too  many  contaminants  get  back  to  the 
target  surface.  Hence,  the  calorimeter  was  used  to  calibrate  the  output  of  an  Opto- 
electronics Series  PD-40  Ultra  High  Speed  photodetector  [Ref.  6].  As  shown  in  Figure 
3.3,  another  8%  beam  splitter  was  used  for  the  photodetector  to  monitor  the  laser  beam. 
Since  the  aperture  of  the  diode  was  smaller  than  the  laser  beam  size,  a  focusing  lens  was 
used  to  scale  the  beam  down.  The  output  of  the  photodiode  was  displayed  on  a  Tektronix 
Model  7104  oscilloscope.  The  oscilloscope  was  triggered  externally  by  the  output  of  a 
Lasermetrics  Series  3117  High  Speed  Photodetector  which  detected  the  laser  beam  via  a 
third  beam  splitter.  The  pulse  on  the  screen  was  recorded  by  using  a  Tektronix  DCS01 
Digitizing  Camera  System  [Ref.  7].  A  typical  pulse  captured  by  that  system  is  shown  in 
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Figure  3.3.   Arrangement  for  laser  energy  measurement  with  a  photodetector. 

Figure  3.4.  By  using  the  software  available  with  the  system,  the  output  could  be 
integrated.  The  result  of  integration  for  the  pulse  in  Figure  3.4  is  given  in  Figure  3.5. 
Simultaneously,  the  laser  energy  was  measured  with  the  calorimeter-micro  voltmeter 
system.  A  typical  output  of  this  system  is  shown  in  Figure  3.6.  Comparing  the  energy 
measured  this  way  with  the  result  of  the  integration,  and  repeating  this  procedure  for  a 
number  of  shots,  a  calibration  factor  was  obtained.  This  factor  was  used  to  determine  the 
energy  of  the  laser  pulse  using  the  fast  photodiode.  The  uncertainty  of  the  measurement 
was  determined  to  be  5%. 

This  method  of  laser  pulse  energy  measurement  allowed  the  laser  to  be  shot 
every  2.5  minutes  which  was  the  minimum  waiting  time  for  the  laser  to  cool  down. 
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Figure  3.4.    A  typical  laser  pulse  captured  by  DCS. 
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Figure  3.5.    Integrated  laser  pulse  of  Figure  3.4. 
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Figure  3.6.    Rise  and  cooling  curve  of  the  calorimeter  after  the  laser  shot  of  Figure  3.4. 

3.       Ultra  High  Vacuum  Chamber 

The  vacuum  chamber  in  which  the  stainless-steel  target  was  placed  had  a 
volume  of  24  ±  2  liters.  The  material  from  which  the  chamber  was  built  was  Type  304 
Stainless  steel.  A  forepump  was  used  to  evacuate  the  chamber  down  to  10"2  torr  which 
was  necessary  to  start  the  turbo  molecular  pump  which  could  evacuate  the  chamber  down 
to  a  pressure  of  10"8  Torr.  The  pressure  inside  the  chamber  was  measured  by  a  Veeco 
Type  RG-3A  Vacuum  Gauge. 

The  laser  beam  was  aligned  45  degrees  from  normal  to  the  target  surface. 
The  cylindrical  stainless-steel  target,  mounted  on  a  target  holder,  was  four  mm  thick  and 
50  mm  in  diameter.  The  target  was  large  enough  to  shoot  the  laser  a  number  of  times 
without  replacement.    A  probe  was  used  to  hold  the  mounting  and  to  rotate  the  target 
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Figure  3.7.    Diagram  of  the  vacuum  chamber  used  in  the  experiment. 

whenever  necessary  without  opening  the  chamber.  Figure  3.7  is  a  diagram  of  the  vacuum 
chamber.  The  target  surface  was  viewed  via  the  observation  window  by  a  polaroid 
camera  which  was  placed  85  degrees  from  normal  to  the  target  surface,  at  a  distance  of 
18.5  cm. 

B.       PROCEDURES 

1.       Target  Preparation 

The  targets  used  for  this  study  were  type  304  stainless  steel.  They  were  first 
cleaned  by  an  ultrasound  cleaning  system.  Then,  they  were  polished  using  standard 
metallurgical  techniques  with  a  final  polishing  slur  of  1pm  diamond  paste. 
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2.       Plasma  Onset 

The  onset  of  plasma  formation  was  determined  for  three  different  vacuum 
conditions.  The  first  measurements  were  made  at  10 8  torr  which  was  the  lowest  pressure 
possible  in  the  evacuated  chamber.  The  laser  was  fired  at  6-joule  energy  level,  and  the 
beam  intensity  on  the  target  was  varied  by  placing  neutral  density  filters  in  the  path.  The 
focusing  lens  was  placed  behind  the  filters.  Determination  of  actual  plasma  formation 
was  made  by  taking  still  pictures  of  the  target  with  a  polaroid  camera  during  the  laser 
shot.   The  laboratory  was  darkened  and  the  shutter  was  kept  open  during  the  shot. 

The  measurements  at  10'6  torr  and  10"4  torr  were  taken  by  letting  air  into  the 
chamber  while  both  pumps  were  running.  The  air  leakage  rate  was  adjusted  by  means 
of  a  bellow  valve  which  was  already  a  part  of  the  vacuum  chamber. 
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IV.     EXPERIMENTAL  RESULTS 

A.  PLASMA  FORMATION 

Before  the  results  of  the  onset  of  the  breakdown,  several  still  pictures  of  plasma 
formation  for  several  energy  levels  will  be  presented.  These  shots  were  made  at  a 
pressure  of  10 8  torr.  As  explained  in  the  previous  chapter,  the  pictures  were  taken  by  a 
polaroid  camera. 

The  first  picture,  Figure  4.1,  was  for  a  laser  shot  of  2.9x10  2  joules  at  the  target 
focused  to  19.1  mm2.  It  shows  a  comparatively  small  volume  of  plasma  formation.  The 
following  figures  (Figures  4.2  to  4.5)  include  photographs  of  shots  with  increasing  energy. 
The  energy  of  each  shot  is  given  in  the  figure  captions.  As  can  be  seen  from  the  pictures, 
the  more  powerful  the  laser  beam,  the  larger  the  volume  of  the  plasma  formed. 

B.  PLASMA  ONSET 

As  stated  before,  the  experiments  were  conducted  under  three  different  vacuum 
conditions:  10"4,  10"6  and,  10"8  torr.  The  onset  of  plasma  formation  was  determined  by 
taking  still  pictures.  If  there  was  no  plasma  formation,  then  only  a  weak  background  light 
from  the  flash  lamp  of  the  laser  was  seen.  If  there  was  a  small  amount  of  plasma 
formation,  it  would  be  indicated  by  the  light  coming  off  the  surface.  The  radiation 
resulted  from  excitation  of  neutrals  and  ions  and  recombination  of  the  electrons  and  ions 
in  the  plasma  cloud. 
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Figure  4.1.   Plasma  formation  in  a  UHV  chamber.  (Energy  =  2.9x10 2  joules) 


Figure  4.2.   Plasma  formation  in  a  UHV  chamber.   (Energy  =  3.2xl0"2  joules) 
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Figure  4.3.   Plasma  formation  in  a  UHV  chamber.    (Energy  =  3.7x1 0"2  joules) 


Figure  4.4.   Plasma  formation  in  a  UHV  chamber.    (Energy  =  LlxlO'1  joule) 
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Figure  4.5.   Plasma  formation  in  a  UHV  chamber.    (Energy  =  2.3x1 0'1  joule) 

First,  the  breakdown  was  studied  at  the  10"8  torr  region.  During  the  shots,  the 
vacuum  gauge  was  monitored  to  see  if  there  is  any  rise  in  pressure.  For  relatively  low 
energy  levels  at  which  the  plasma  formation  was  not  probable,  the  vacuum  gauge  showed 
minimal  pressure  increases  for  a  short  time.  Since  the  vacuum  pumps  were  continuously 
pumping,  the  exact  change  in  pressure  could  not  be  measured.  A  slight  pressure  increase 
was  always  observable  even  if  there  was  no  light  emission,  i.e.,  plasma  formation.  This 
is  due  to  the  desorption  of  contaminants  from  the  laser  heated  spots  on  the  metal  surface. 
When  there  was  plasma  formation,  the  increase  in  pressure  was  higher.  Reference  8  gives 
quantitative  results  for  pressure  changes  in  a  vacuum  chamber  due  to  laser  induced 
breakdown. 
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At  the  beginning,  before  taking  the  pictures,  the  metal  surface  was  cleaned  by  20 
full  power  shots,  without  filters  in  the  path.  For  those  initials  shots  the  energy  of  the 
beam  was  about  six  joules  which  corresponds  to  a  power  of  l.OxlO9  watts/cm2  on  the 
target.  Then,  several  shots  were  fired  at  different  energy  levels  and  pictures  were  taken 
to  determine  the  power  level  for  plasma  onset  at  a  pressure  of  10"8  torr.  The  experiments 
at  10"6  and  10"4  torr  pressure  were  conducted  at  the  same  energy  levels  and  under  the 
same  conditions. 

The  results  of  the  three  sets  of  measurements  are  presented  by  the  chart  given  in 
Figure  4.6.  "Plasma"  and  "no  plasma"  conditions  are  represented  by  "+"s  and  "o"s, 
respectively.  The  chart  shows  all  data  taken  for  the  onset  of  plasma  at  different  pressure 
levels.  At  10"8  torr  the  transition  between  plasma  and  no-plasma  occupies  a  relatively 
wide  energy  range:  2.2x10 2  -  3.7xl0~2  joules.  On  the  other  hand,  for  10"4  torr,  the 
transition  region  is  better  defined  and  it  occurs  around  2.1xl02  joules.  For  10"6  torr,  the 
transition  is  in  between,  2.3xl0"2  to  2.7xl0"2  joules. 

To  determine  an  energy  threshold  for  each  vacuum  level,  the  data  was  analyzed 
separately.  The  bar  graph  generated  by  using  the  data  for  10"4  torr  vacuum  conditions  is 
given  in  Figure  4.7.  As  can  be  seen  from  the  figure,  the  threshold  lies  about  2.1xl0'2 
joules  which  corresponds  to  a  power  of  3.7x1 06  watts/cm2  on  the  target.  As  it  was 
pointed  out  before,  the  area  of  the  focal  point  on  the  target  was  19.1  mm2.  More  than 
50%  of  the  shots  created  plasma  were  in  the  energy  range  of  2.0  -  2.5x1 0"2  joules.  Below 
that  level,  the  percentage  of  plasma  formation  was  not  significant. 


25 


The  graphs  for  10"6  and  10"8  torr  are  also  presented  in  Figure  4.7.  For  10"6  torr  the 
threshold  energy  was  2.4xl0"2  joules  (4.2xl06  watts/cm2).  Below  2.0xl0"2  joules  there  was 
no  plasma  formation.  In  the  2.0-2.5x1 0'2  joule  range,  the  percentage  of  shots  causing 
plasma  formation  was  less  than  40%.  Above  that  range  more  than  50%  of  the  shots  led 
the  breakdown  of  the  surface. 

For  10'8  torr,  the  threshold  was  at  2.9xl0'2  joules  (5.1xl06  watts/cm"2).  The 
transition  from  plasma  to  no  plasma  spread  over  a  wider  energy  range.  Less  than  50% 
of  the  shots  with  energies  below  2.5x1 0"2  joules  led  to  breakdown.  There  was  plasma 
formation  for  more  than  50%  of  the  shots  with  energies  over  3.0xl0"2  joules. 

The  number  of  monolayers  formed  after  a  laser  shot  at  different  pressures  can  be 
calculated  by  using  equation  (9).  At  10'8  torr,  approximately  four  minutes  are  necessary 
for  a  monolayer  to  form  on  the  metal  surface.  Hence,  at  that  pressure  it  is  highly 
probable  to  have  only  a  fraction  of  one  monolayer  adsorbed.  However,  in  three  minutes, 
at  10"4  and  10"6  torr,  up  to  "7500"  and  "75"  layers  form  respectively.  Therefore,  it  is 
reasonable  to  conclude  that  plasma  onset  occurs  more  easily  if  the  number  of  absorbed 
monolayers  is  higher. 
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CONCLUSIONS 

This  report  has  described  how  laser  induced  breakdown  occurs  on  a  metal  surface 
exposed  for  about  three  minutes  to  pressures  ranging  from  10"8  torr  (ultra  high  vacuum) 
down  to  10"4  torr.  The  laser  power  necessary  for  breakdown  at  different  pressures  were 
found  to  be  different.  The  lower  the  pressure,  the  higher  the  laser  power  necessary  to 
cause  the  breakdown. 

The  average  power  required  for  laser  induced  breakdown  in  vacuum  for  type  304 
stainless  steel  was  found  to  be  of  the  order  of  106  watts/cm2.  At  10"8  torr  the  power 
required  for  breakdown  was  around  5.1xl06  watts/cm2.  It  was  4.2x1 06  watts/cm2  at  10"6 
torr  and  3.7xl06  watts/cm2  at  10"4  torr.  The  results  agree  with  Schwirzke's  model 
proposed  for  laser  induced  breakdown  [Ref.  9].  The  onset  of  breakdown  occurs  in  the 
desorbed  gas  layers. 
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